Exclusive electroproduction of ω mesons on unpolarized hydrogen and deuterium targets is studied at HERMES in the kinematic region of Q 2 > 1.0 GeV 2 , 3.0 GeV < W < 6.3 GeV, and −t < 0.2 GeV 2 . The data were accumulated during the 1996-2007 running period using the 27.6 GeV longitudinally polarized electron or positron beams at HERA. The determination of the virtual-photon longitudinal-to-transverse cross-section ratio shows that a considerable part of the cross section arises from transversely polarized photons. Spin density matrix elements are derived and presented in projections of Q 2 or −t . Violation of s-channel helicity conservation is observed for some of these elements. A sizable contribution from unnatural-parity-exchange amplitudes is found and the phase shift between those amplitudes that describe transverse ω production by longitudinal and transverse virtual photons is determined for the first time. Good agreement is found between the HERMES proton data and results of a pQCD-inspired phenomenological model that includes pion-pole contributions.
Spin Density Matrix Elements
Exclusive electroproduction of vector mesons on nucleons provide a rich source of information on the structure of the nucleon and the meson production mechanism. The angular distribution of vector mesons in this reactions depends on Spin Density Matrix Elements (SDMEs), which describe the final spin state of produced mesons. SDMEs are expressed by the helicity amplitudes describing the transition of longitudinal or transverse virtual photons to the vector meson with given helicity. HERMES has measured the values of 23 SDMEs in exclusive electroproduction of ω mesons on unpolarized hydrogen and deuterium targets with longitudinally polarized electron or positron beams at HERA.
1 They are determined from the
) by fitting the 3-dimensional angular distribution, which depends on the angle between the lepton scattering and production planes and the polar and azimuthal angles of a unit vector normal to the decay plane in the rest frame of ω, to the experimental angular distribution of decay pions. Fitting is done with the unbinned maximum likelihood method (for details see Ref.
1 ).
Results
The values of SDMEs of the ω− meson for the entire HERMES kinematic region ( Q 2 = 2.42 GeV 2 , W = 4.8 GeV and −t = 0.08 GeV 2 ), where Q 2 represents the negative squared virtual-photon four-momentum, W the invariant mass of the photon-nucleon system and t the difference between the Mandelstam variable t and its kinematically allowed smallest value, are presented in Fig As an example, the Q 2 and −t dependence of class−A SDMEs for exclusive ω meson electroproduction is presented in Fig. 2 for proton and deutron, respectively.
The measured values are in good agreement with the pQCD-inspired phenomenological "GK model" calculations, 3 in which the unnatural-parity contributions due to pion exchange are included. It was based on a model which describes the deeply virtual Compton scattering rather well. The existence of UPE in ω production was tested directly through a non-zero result for the quantities u 1 , u 2 and u 3 , which are presented respectively by linear combinations of SDMEs, such as u 1 = 1 − r 04 00 + 2r zero, and conclusion on u 3 suffers from considerable experimental uncertainties, while for ρ 0 meson production both u 2 and u 3 are compatible with zero.
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For exclusive ω meson production, the Q 2 and −t dependence of the longitudinal-to-transverse virtual-photon differential cross-section ratio R determined from the measured SDME r 04 00 is shown in Fig. 4 . It is found that the values of R for the proton are compatible with those obtained for the deuteron. This ratio is about four times smaller than for the ρ 0 meson, 2 which is shown in the left panel of Fig. 4 . The proton data are well described by the GK model with the inclusion of pion-pole 3 contributions, and thus, fully account for the unnatural parity contribution to R. The Q 2 and −t dependence of the UPE to Natural Parity Exchange (NPE) asymmetry of the transverse differential cross-section P for the exclusive ω production is shown in Fig. 5 . Asymmetry values significantly different from unity are obtained for both the proton and deuteron, which means that a large part of transverse cross section is due to the UPE. The calculations of the GK model The difference between the two curves with and without pion-pole contributions is not significant in this case, which means that the pion-pole gives big contributions for exclusively produced ω mesons, but not for the ρ 0 (see Ref.
3 ).
